ABSTRACT Subunit vaccination benefits from improved safety over attenuated or inactivated vaccines, but their limited capability to elicit long-lasting, concerted cellular and humoral immune responses is a major challenge. Recent studies have demonstrated that antigen delivery via nanoparticle formulations can significantly improve immunogenicity of vaccines due to either intrinsic immunostimulatory properties of the materials or by coentrapment of molecular adjuvants such as Toll-like receptor agonists. These studies have collectively shown that nanoparticles designed to mimic biophysical and biochemical cues of pathogens offer new exciting opportunities to enhance activation of innate immunity and elicit potent cellular and humoral immune responses with minimal cytotoxicity. In this review, we present key research advances that were made within the last 5 years in the field of nanoparticle vaccine delivery systems. In particular, we focus on the impact of biomaterials composition, size, and surface charge of nanoparticles on modulation of particle biodistribution, delivery of antigens and immunostimulatory molecules, trafficking and targeting of antigen presenting cells, and overall immune responses in systemic and mucosal tissues. This review describes recent progresses in the design of nanoparticle vaccine delivery carriers, including liposomes, lipid-based particles, micelles and nanostructures composed of natural or synthetic polymers, and lipid-polymer hybrid nanoparticles.
ABBREVIATIONS

INTRODUCTION
Vaccination is considered to be the most cost-effective strategy for controlling infectious diseases (1) . Ever since the first documented case of vaccination performed by Edward Jenner in 1796 against small pox, vaccination has been instrumental in reducing fatalities associated with life-threatening diseases including polio, measles, and diphtheria. Despite such huge success, there are still a large number of infectious pathogens, including human immunodeficiency virus (HIV), Hepatitis C, and Mycobacterium tuberculosis, for which effective vaccines are not yet available (2, 3) . Although traditional vaccine formulations, including live-attenuated or inactivated/killed pathogens, are very effective at generating high avidity and long-lasting immune responses, their clinical translation for fatal pathogens such as HIV have been challenging because of safety concerns and risks stemming from incomplete inactivation process, potential reversion to virulent form, and pre-existing anti-vector immunity (4, 5) . In contrast, the new generation subunit vaccines, including peptides, recombinant proteins, and DNA, can potentially address these long-standing challenges. Subunit vaccines either synthesized or purified from pathogens are easy to manufacture and safe to administer with minimal toxicity. However, their major drawbacks are weak immunogenicity and short-term immune responses. This necessitates formulation of subunit vaccines with immunopotentiating adjuvants, which can be classified into two major categories; 1) delivery vehicles (e.g. emulsions and micro/nanoparticles) that enhance antigen delivery and presentation by antigenpresenting cells (APCs), and 2) immunostimulators (e.g. ligands for Toll-like receptors (TLRs)) that activate innate immunity and stimulate potent adaptive immune responses. Although numerous experimental adjuvants have been explored over the last few decades, their clinical translation has been extremely slow. Alum-based mineral salts that have been used since the 1930's still continue to be the major adjuvants used in the United States (6) . Alum-based adjuvants may be sufficient for eliciting humoral immune responses with acceptable safety profiles, but they are poor immunostimulators of CD4+ and CD8+ T cell-mediated immune responses, hence limiting their potential use in vaccines designed for intracellular pathogens and cancer (2) . Thus, there is an urgent need for novel adjuvants and formulations that can induce long-term humoral and cellular immune responses without toxicity and virulence typically associated with traditional microbe-based vaccines.
Recent advances in our understanding of antigen presentation by innate immune cells and their interaction with adaptive immune system have facilitated a rational approach for design and development of vaccine delivery systems. The key elements of an effective vaccine are 1) an antigen against which adaptive immune responses are elicited, 2) an immunopotentiator to stimulate the innate immune system, and 3) a delivery system to ensure targeting of antigen and immunopotentiator to APCs. In this aspect, nanoparticlebased vaccine delivery systems engineered to meet these criteria have multi-fold advantages over traditional vaccines; 1) encapsulation of antigens in particles prevents antigen degradation and increases their stability; 2) co-encapsulation of antigen and immunostimulatory agent in particles enhances immunogenicity and potency of vaccines; 3) APCs can readily phagocytose and process particles; 4) particles designed for cytosolic delivery of antigens enhance cross-presentation and MHC-I presentation of antigens, thereby promoting cytotoxic T-cell lymphocyte (CTL) responses; 5) multivalent presentation of antigens on the surfaces of particles allows crosslinking of B cell receptor for enhanced humoral immune responses; and 6) surface modifications of particles with functional moieties and targeting ligands permit organ-and cell-specific targeting to lymphoid organs and APCs.
As reflected by the substantial increase in the number of publications on this topic, immunization strategies based on synthetic particulate carriers have gained considerable interest in recent years. Indeed, intense efforts in this research area have advanced our understanding of the design criteria for synthesis of biocompatible particle systems that can mimic biophysical and biochemical characteristics of pathogens and elicit robust immune responses without toxicity and antivector immunity. In this review, we first outline innate and adaptive immune responses that nanoparticle-based vaccines aim to modulate. We then focus our discussion on new emerging particle-based vaccine delivery systems categorized by their biomaterial platforms. Since there are a number of excellent recent reviews that provide a broad overview of this rapidly evolving field (7-11), we aim to highlight the latest key research progresses that were published within the last 5 years and discuss their potential clinical utility and impact on future vaccine design and development. Summary of our review with references to research articles is provided in Table I .
PRINCIPLES OF INNATE AND ADAPTIVE IMMUNITY
The major goal of vaccination is to provide long-term protection against pathogen and infection by triggering the immune system to eliminate infectious agents and toxic products from the body (1). The human immune system is broadly classified into innate and adaptive components. The innate immune system includes nonspecific, constitutive set of defenses that are activated quickly after infection (within minutes). Such responses are mediated by soluble factors, such as complement proteins, and cellular effectors, such as granulocytes, mast cells, macrophages, dendritic cells (DCs) and natural killer (NK) cells. On the other hand, the adaptive immune responses take several days or weeks to become effective but provide antigenic specificity and immunological memory, both of which are required for complete elimination of pathogens. The induction of immunological memory allows rapid immunological response to subsequent exposures with the same antigen and forms the basis for successful immunization (12) .
Until recently, innate immunity was merely considered as the first line of defense against pathogens. However, it is now clear that the strength and type of adaptive immune responses highly depend on the initial 'danger' signals recognized by the innate immune system (13) . The innate immune system recognizes signatures from pathogens called pathogen associated molecular patterns (PAMPs) (14) . This detection is mediated by diverse and evolutionarily conserved families of receptors called pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs), expressed on a wide variety of immune cells including DCs, neutrophils, macrophages, NK cells, and B cells (15, 16) . Danger signals bound to PRRs activate macrophages and DCs and promote release of pro-inflammatory cytokines and chemokines and upregulation of CD80 and CD86 maturation markers, leading to initiation of antigen-specific adaptive immune responses and functional differentiation of T cells. Synthetic danger signals frequently employed in particulate vaccine design include the following molecular adjuvants. Polyinosinic:cytidylic acid (polyI:C) is a synthetic analogue of double-stranded viral RNA, known to promote strong T cell priming by activating TLR3 in macrophages and DCs (17, 18) . Monophosphoryl lipid A (MPLA) is a synthetic TLR4 agonist derived from lipopolysaccharide, and MPLA adsorbed to aluminum salts, also known Reduction-sensitive conjugation of antigens to particles [113] [114] [115] [116] [117] [118] [119] [120] Vaccine preparation Loss of antigenicity and immunogenicity during particle synthesis Antigen loading into polymeric particles in aqueous conditions via self-healing process
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Use of cell membrane-decorated particles for adsorption and inactivation of bacterial toxin as AS04, is currently licensed for the hepatitis B vaccine Fendrix® and human papilloma virus vaccine Cervarix® (both GlaxoSmithKline Biologicals) (13, 19 (26), and it has been shown to promote both CD4+ and CD8+ T-cell responses by inducing IFN-γ secretion from NKT cells (27) . The adaptive immune system is divided into two main types: humoral and cell-mediated immunity. Humoral immunity is mediated by antibodies (IgG, IgA, IgE, IgM, and IgD) produced by B lymphocytes and provides the principal defense mechanism against extracellular antigens. In contrast, the main component of cell-mediated immune system is T cells, whose activation is dependent on antigen-presenting cells (APCs). DCs are the most efficient APCs that capture antigens, process them, and migrate to local lymph nodes where they present antigenic peptides to T cells (28) . T cells are subdivided into CD4+ T helper cells (Th) and CD8+ cytotoxic T lymphocytes (CTLs). CD8+ T cells directly kill infected cells and play a crucial role in combatting intracellular infections and cancer. CD8+ T cells recognize and respond to foreign antigens presented by major histocompatibility complex (MHC) class I molecules. On the other hand, CD4+ T-Helper cells (Th1 and Th2) recognize foreign antigens presented by MHC class II molecules. IFN-γ produced by Th1 cells has an important role in the initiation of cell-mediated immune responses and stimulates production of IgG2 antibodies. In contrast, the cytokines secreted by Th2 cells (IL-4, IL-5, and IL-10) play an important role in controlling the activation and differentiation of B cells and production of IgE and IgG1 antibodies.
LIPID-BASED DELIVERY VEHICLES Liposomes
Liposomes have been investigated extensively for drug delivery applications due to their proven clinical safety, biocompatibility, and ease of manufacturing and scale-up (29) . Recent studies have focused on the impact of physicochemical characteristics of liposomal carriers on particle biodistribution, targeting of lymphoid organs and immune cells, and ultimately immune activation (30) . Positively charged liposomes have been associated with a depot effect via ionic interactions with negatively charged cellular membranes, leading to prolonged antigen release at the site of injection (31) . Although antigen persistence is important, co-delivery of high concentration of antigen and adjuvant was determined to be necessary to prevent tolerance (32, 33) . Incorporation of 10-25% poly(ethylene glycol) (PEG) on the surface of positively charged liposomes has been shown to reduce the antigen depot by decreasing particle size, screening the surface charge, and increasing clearance from the site of injection and greater accumulation in the local lymph nodes by at least 3-fold (34) . Similarly, 1% PEGylation of liposomes consisting of 1,2-dioleoyl-3-trimethylammoninum propane (DOTAP) led to faster clearance from the site of injection and retention in draining lymph nodes (dLNs), resulting in 10-to 300-fold increase in IgG2a and IgG2b response compared with soluble antigen vaccination (35) . Increasing PEG amount to 5% led to even faster clearance from the site of injection and dLNs, enhancing systemic circulation and accumulation in the spleen. Compared with 1% PEG formulation, immunization with 5% PEG liposomes resulted in similar IgG2a and IgG2b primary response (7 days post vaccination) but increased antibody titers by 1.5-fold three weeks after vaccination. Both formulations led to a 2-fold increase in IFN-γ production following restimulation with antigen, compared with non-PEGylated liposomes.
Positively charged liposomes formed with cationic lipid DOTAP have also been extensively investigated for delivery of plasmid DNA. DOTAP mixed with DNA spontaneously formed a virus-like structure with the condensed DNA located inside the lipid membranes, and the resulting structures promoted DC maturation and augmented anti-tumoral cellular immune responses (36) . The same liposomal platform was used to deliver E7 protein and peptide antigens derived from human papillomavirus (37, 38) . These studies collectively have demonstrated immunogenicity of cationic liposomes. To identify cationic liposomal formulations optimized for vaccine applications, vaccinations were performed with liposomes composed of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and a cationic lipid component (Dimethyl dioctadecyl-ammonium (DDA), 1,2-Dipalmitoyl-3-trimethylammonium-propane (DPTAP), 1,2-Diacyl-sn-glycero-3-ethylphosphocholine (eDPPC), or 3β-[N-(N′,N′-Dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol)). DC-Chol had the most pronounced effect on antibody titers and DC maturation (39) . Although the specific cause for this improved action is still under investigation, liposomes containing DC-Chol are distinctive from other liposome formulations since DC-Chol contains a sterol group and a tertiary amine head group, which affected the organization of the liposomal bilayer and prevented phase transition.
Aside from zeta potential, the size of liposomal carriers has been shown to greatly affect biodistribution. For liposomes modified with cell-penetrating peptide octaarganine (R8), PEGylation and size increase from 98 to 273 nm led to 4-fold increase in their localization to the spleen and IFN-γ production (40) . Additionally, immunization with liposomes greater than 400 nm in diameter led to a 2-fold increase in the IgG2a/IgG1 ratio indicative of a Th1-skewed response, compared with 100 nm liposomes (41) . On the other hand, studies from another group have reported contradictory findings, indicating that size does not play a role, at least for cationic liposome CAF01, composed of dimethyldioctadecylammonium (DDA) and immunostimulatory trehalose dibehenate (TDB). Regardless of liposomal size (ranging from 300 nm to 4 μm), CAF01 liposomes did not show any liposome-size dependent uptake or IgG1/2 responses in vivo, whereas size-dependent increase in cell proliferation was noted with larger particles possibly due to their increased retention in lymph nodes (31) .
In addition to increased antigen uptake and protection, liposomal systems offer the opportunity to co-deliver antigen and immunopotentiator for enhanced immune responses (32, 33) . R8-liposomes incorporated with polyinosinic:polycytidylic acid (polyI:C), a synthetic dsRNA which can signal through TLR3, promoted significantly higher CTL responses and reduced tumor growth, compared with antigen formulated with soluble polyI:C or complete Freund's adjuvant (CFA) (42) . Adsorption of polyI:C onto DOTAP liposomes containing tumor lysate led to TLR3-dependent DC activation, resulting in significant antitumor effects and higher frequency of CD8+ T cells infiltrating tumor (43) .
Targeted intracellular antigen trafficking has been achieved by varying lipid composition of liposomes. Liposomes modified with fusogenic lipid dioleoyl phosphatidyl ethanolamine (DOPE) and cell-penetrating peptide R8 released a significantly increased amount of antigen to the cytosol and induced a 10-fold increase in antigen presentation via MHC-I pathway with at least 10-fold less dose of antigen, compared with pHresponsive or cationic liposomes (44) . Further modifications of these liposomes with alpha-galactosyl-ceramide (αGC), a synthetic glycolipid and a potent activator of NKT cells, allowed efficient presentation of αGC by CD1d. Systemic administration of these liposomes increased the frequency of NKT cells by at least 3-fold compared with soluble αGC treatment group. When administered into mice bearing B16F10 lung tumors, R8/αGC-liposomes drastically reduced the number of lung tumor metastases compared with soluble αGC treatment group, demonstrating the therapeutic efficacy of liposome-based approach to boost NKT responses for cancer immunotherapy (40) .
Overall, liposomes are among the most extensively investigated vaccine delivery systems owing to their biocompatible, biodegradable, and non-toxic nature. One of the main advantages of liposomes is their ability to co-deliver both antigen and adjuvant to the same antigen presenting cell, which is considered crucial for inducing potent immune response. The physiochemical properties such as size, surface charge, lipid composition, and bilayer rigidity highly influence liposome biodistribution and persistence, and these parameters can be tuned to elicit a specific type and strength of the immune response. In addition, liposomes can protect the antigens from degradation, enhance their uptake by APCs, promote release into the cytosol, and even serve an immunostimulatory function. The effectiveness of liposomes as vaccine delivery vehicles can be greatly enhanced by increasing their stability in physiological condition, which is the focus of many recent developments described below.
Polymer-Modified Lipid Vesicles
Post modification of preformed liposomes with polymers of specific function is a facile and convenient method to synthesize liposomes with desired characteristics for vaccine delivery applications. For example, liposomes have been surface-modified with pH-sensitive fusogenic polymers, such as succinylated poly(glycidol) and 3-methylglutarylated poly(glycidol), to confer endosome disruptive capability to liposomes (45) . Indeed, liposomes coated with 3-methylglutarylated poly(glycidol) enhanced cytosolic delivery of antigens in DCs and induced MHC Class I antigen presentation, resulting in strong CTL activation comparable to that induced by CFA, but without adverse side effects and inflammatory reactions associated with it (45) . In a follow-up study, the authors further modified their system by varying the structure of fusogenic poly(glycidol) derivatives to either linear or hyperbranched forms ( Fig. 1) (46) . Liposomes incorporated with linear polymer structures delivered a model antigen ovalbumin (OVA) more efficiently into cytosols of DCs compared with liposomes modified with hyperbranched structures. Administration of these polymermodified liposomes containing OVA induced strong OVAspecific CTL responses that rejected the engraftment of E.G7-OVA in a prophylactic condition and reduced tumor growth in tumor-bearing mice. In a separate study, liposomes have also been complexed with polyethyleneimine (PEI), which allowed surface adsorption of proteins with high affinity. These nanocarriers saturated with protein antigens promoted antigen uptake and presentation by APCs and induced upregulation of co-stimulatory markers and secretion of proinflammatory cytokines (47) . Moreover, these liposome-polymer hybrid structures preferentially activated Th1 immune responses, and inclusion of immunomodulators, such as CpG and MPLA, within liposomes dramatically enhanced the IgA and IgG2a responses.
Lipid-Based Nanoparticles
One of the major limitations of lipid vesicles for vaccine applications has been their instability in the presence of serum components (48) ; administration of liposomes in vivo results in rapid leakage of encapsulated macromolecules, leading to premature vesicle rupture and loss of antigens prior to reaching DCs in lymphoid organs. To address this limitation, Moon et al. developed a new approach to stabilize lipid vesicles by forming crosslinks between lipid headgroups within multilayered liposomes (49) . The resulting lipid nanoparticles, called interbilayer-crosslinked multilamellar vesicles (ICMVs), encapsulated a large of amount of protein antigen, exhibited good serum stability with zero-order antigen release for more than 30 days in serum-containing media, and dramatically improved antigen delivery and uptake by DCs in lymphoid tissues compared with traditional liposomal vehicles. Importantly, ICMVs composed of crosslinked phospholipids underwent rapid degradation in an endolysosomal condition containing phospholipase, and this endosomal instability is postulated to enhance intracellular delivery of antigens and cross-presentation of antigens by DCs. Following a subcutaneous vaccination regimen consisting of a prime and two booster immunizations, ICMVs loaded with OVA and MPLA expanded OVA-specific CD8+ T cells to~30% of the total CD8+ T cells in the systemic compartment (49) . In addition, ICMVs incorporated with a candidate malaria antigen, VMP001, derived from Plasmodium vivax sporozoites, elicited significantly higher antibody titers lasting more than a year in mice with greater avidity and durability than soluble antigens mixed with conventional adjuvants, such as MPLA, alum, or Montanide (50) . Stability of ICMVs also allowed deposition of these nanostructures on the surfaces of microneedles via layer-by-layer approach for transcutaneous vaccine delivery (51) . Notably, noninvasive mucosal route of vaccination with ICMVs was the subject of a recent study by Li et al., who have demonstrated that pulmonary ICMV vaccination primed 13-fold more CTLs than equivalent dose of soluble vaccine and generated CD8+ T cells with mucosal homing phenotype (integrin α 4 β 7 + ) ( Fig. 2 ) (52). CD8+ T cells expanded with ICMVs disseminated to both local and distant mucosal tissues, including lungs, cervico-vaginal and gastrointestinal tracts and established long-lived effector memory populations (Fig. 2b) . To demonstrate the protective efficacy of these memory CD8+ T cells, mice were immunized with ICMVs carrying minimal CD8+ T cell epitope antigens derived from simian immunodeficiency virus (SIV) and challenged with vaccinia virus expressing the target antigen. Mice immunized with ICMVs via pulmonary route were protected against the viral challenge and exhibited significantly reduced viral titers, whereas mice immunized with soluble vaccines succumbed to the challenge (Fig. 2c) (52) . These studies have highlighted the potency of ICMVs as a subunit vaccine platform for induction of systemic and mucosal immunity, and efforts to test the clinical efficacy of this new vaccine technology are underway at Vedantra Pharmaceuticals.
There are other examples of lipid-based nanoparticles that are offering an alternative drug delivery platform to colloidal drug delivery carriers. For instance, solid lipid nanoparticles have gained increasing interest for topical cosmetic and pharmaceutical applications (53) . Formed by either highpressure homogenization of lipid molecules or microemulsion technique, these solid lipid nanoparticles offer opportunities to sustain release of lipophilic and hydrophilic drugs. Cationic solid lipid nanoparticles (cSLN) capable of adsorbing negatively charged DNA have been recently developed for delivery of coding sequences for three different types of cysteine proteinases in Leishmania major (54) . These lipid-based nanoparticles effectively protected the cargo from nucleases in vitro, and particles with~250 nm diameter and positive zeta potential enhanced DC targeting, phagocytosis, and transfection efficiency. Additionally, augmented DC activation and maturation were achieved by incorporation of a positively charged lipid with known adjuvant characteristics (DOTAP) and CpG, which were integrated in pDNA. Administration of cSLN-pDNA led to 1.76-fold greater IFNγ/IL-5 ratio compared with pDNA alone, indicating promotion of a Th1 response necessary for protection against L. major. Enhanced IgG2a/IgG1 ratio with cSLN-pDNA vaccination also corroborated Th1-skewed response. In the end, cSLN-pDNA vaccine successfully decreased parasite burden by 86.3%, which is a significant reduction compared with the previously reported mean average of parasite load reduction of 59.2% for DNA alone vaccination.
Another class of emerging lipid-based nanoparticles for vaccine delivery includes cubosomes, which consist of multiple lipid bilayers interrupted by numerous aqueous channels (55) . Cubosomes have high loading capacity for both hydrophilic and hydrophobic bioactives due to their aqueous core and lipid matrix with large surface area, and they have been shown to retard drug release in physiological condition. Cubosomes can be prepared by high-energy mechanical dispersion of lipids selfassembled into viscous cubic phase. Alternatively, they can be formed by solvent dilution method of dispersing liquid crystalforming lipid, polymers, and hydrotrope in excess water. Cubosomes formed with minimal energy input with the solvent dilution method have been recently investigated for vaccine applications (56, 57) . Cubosomes were shown to efficiently encapsulate OVA along with MPLA and imiquimod (TLR4 and TLR7 agonists, respectively) and sustain their release over 1 week in vitro. Cubosomes with adjuvants were more effective at generating OVAspecific humoral immune responses and CD8+ and CD4+ T cell responses, compared with conventional liposomes or antigen adsorbed with alum (57) .
The recent studies highlighted in this section focused on improving physical stability of lipid-based vaccine delivery carriers. These emerging nano-formulations have high serum stability, resistance to enzyme-mediated degradation, good drug loading efficiency, and strong immunogenic properties, offering new versatile platform technology for vaccine development.
NATURAL POLYMER-BASED PARTICLES Chitosan
Chitosan is a natural polyaminosaccharide derived primarily from exoskeletons of crustaceans. It consists of copolymers of β-(1-4)-linked D-glucosamine (deacetylated unit) and Nacetyl-D-glucosamine (acetylated unit) monomers obtained by deacetylation of chitin (58) . Chitosan has attractive properties for vaccine delivery applications, including high availability, biodegradability, and biocompatibility. In addition, high density of amino groups in chitosan allows facile chemical modification, complexation with negatively charged antigens, and muco-adhesiveness (59, 60) . Chitosan has been formulated into nano/microparticles without the use of organic solvents or high shear stress via ionotropic gelation and selfassembly of polyelectrolytes, preserving immunogenicity of antigens (61, 62) . Antigen-loaded chitosan nanoparticles significantly enhanced upregulation of co-stimulatory markers on APCs and release of pro-inflammatory cytokines (e.g. IL-1β, IL-6, TNF-α) compared with soluble antigen. Chitosan particles carrying OVA promoted antigen presentation via MHC-I and MHC-II pathways in DCs and induced higher proliferation of antigen-specific CD4+ and CD8+ T cells than equivalent dose of soluble antigen (63) . Interestingly, both macrophages and DCs exhibited maximum antigen uptake with 1 μm diameter chitosan particles, while 300 nm and 3 μm diameter particles had decreased antigen uptake in vitro (63) .
High density of amino groups in chitosan permits its interaction with negatively charged antigens, plasmid DNA, and other anionic biopolymers. Exploiting these charge-mediated ionic interactions, a wide variety of proteins and DNA vaccines have been incorporated into chitosan nano/micro particles. Among these, chitosan nanoparticles coated with alginic acid have unique pH-responsive properties that make them an ideal platform for oral vaccination (61) . To synthesize these particles, amino groups within chitosan-plasmid DNA complexes were reacted with carboxyl groups in alginic acid, resulting in a crosslinked nanoparticle system stable at pH 7.0. In acidic conditions of simulated gastric fluid (pH 1.5), the particles aggregated into micrometer-sized complexes while excess alginic acid, which is insoluble at pH 1.5, selfassembled into amorphous shell on the surfaces of particles, thereby protecting the encapsulated DNA against enzymatic and acidic degradation. As pH increased to 7.0, the aggregated particles dispersed into nanoparticles. Oral administration of particles carrying DNA for legumain, an asparaginyl endopeptidase overexpressed in tumor cells, enhanced DNA uptake by macrophages and DCs in intestinal Peyer's patches, and increased the frequency of legumain-specific cytotoxic T cells (CD8+CD25+) while inhibiting regulatory T cells (CD4+CD25+). When mice bearing orthotopic 4T1 breast tumor were vaccinated with these particles via oral gavage, significant reduction in tumor volumes was observed, suggesting suitability of this system for oral DNA vaccination (61) . Chitosan core nanogels coated with mannosylated alginate, which is an effective targeting ligand for C type lectin receptor expressed by DCs have also been prepared (64) . Surface adsorption of antigens on these particles significantly enhanced antigen uptake by DCs, while incorporation of adjuvants allowed modulation of immune responses. Alginate-chitosan nanogels loaded with Pam3Cys-SK4 (a TLR2 agonist) enhanced IL-1β production, whereas particles admixed with CpG impaired production of IFN-α, IL-6, and TNF-α, demonstrating the importance of selecting optimal combination of delivery vehicle and immunostimulatory agents for ensuring appropriate immune activation. High density of cationic charges on chitosan can also facilitate interaction with negatively charged mucin on mucosal surfaces, providing molecular attractive forces necessary for mucoadhesion. The extent of mucoadhesion of chitosan microspheres was shown to be highly dependent upon their zeta potential; chitosan microspheres formed by emulsification and ionotropic gelation had higher cationic surface charge and superior mucoadhesiveness, compared with chitosan particles formed by thermal crosslinking, glutaraldehyde crosslinking, or tripolyphosphate crosslinking (65) .
Despite its salient features as a vaccine delivery platform, one of the major limitations of chitosan for biomedical applications is its low solubility in physiological conditions. Chitosan with high density of acetylated monomers is soluble only in acidic medium with pH<5 (66) . To overcome this limitation, several chitosan derivatives such as trimethyl chitosan and hydroxyethyl chitosan have been developed (59) . Among these, trimethyl chitosan (TMC), formed by quaternization (methylation) of amino groups in chitosan, has been extensively investigated for vaccine applications. TMC nanoparticles co-encapsulating OVA antigen and immunostimulatory agents, such as lipopolysaccharide, NOD-like receptor 2 ligand muramyl dipeptide, and CpG, resulted in higher IgG, IgG1 and secretory IgA levels than non-adjuvanted TMC/ OVA particles after intranasal or intradermal vaccination (67) . TMC has also been further modified with thiol groups, which allowed self-assembly process with thiolated hyaluronic acid via ionic interactions (68) . Spontaneous disulfide formation between thiolated TCM and hyaluronic acid led to formation of chitosan/hyaluronic acid hybrid nanoparticles. These TMC-S-S-HA particles were coupled with maleimide PEG on their surfaces to shield the surface charge. The resulting particles had higher stability in saline solutions, and vaccination with these particles via intranasal or intradermal routes enhanced elicitation of IgG responses, compared with non-stabilized particles (68) .
Overall, these studies suggest great potential of chitosan based nano/micro particles for vaccine delivery. In particular, their high bioavailabiliy, mucoadhesiveness, and biodegradable nature, combined with compatibility for oral and intransal route of administration, position chitosan-based particles as an ideal vaccine carrier for mucosal vaccination. We expect that future studies focused on addressing their low aqueous solubility at physiological conditions, irregular particle size distribution, and low target specificity can lead to highly effective vaccine formulations.
Gamma Polyglutamic Acid
Gamma polyglutamic acid (γ-PGA), a high molecular weight polypeptide composed of linked glutamic acid units and carboxylate side chains, is produced by certain strains of Bacillus subtilis, which are natural components of a traditional Japanese food item "natto" (69) . The major advantages of γ-PGA polymer for biomedical applications include its water solubility and biodegradability. Recent reports have described modification of γ-PGA with hydrophobic L-phenylalanine ethyl ester, which converts γ-PGA into amphiphilic biopolymers with an ability to self-assemble into nanoparticles. A variety of antigens, including HIV-1 p24, HIV-1 gp120, and Japanese encephalitis envelope protein have been encapsulated and delivered via γ-PGA nanoparticles (69) (70) (71) (72) (73) . These studies have demonstrated that γ-PGA nanoparticles can potently activate both humoral and cellular immune responses. In addition, γ-PGA nanoparticles were efficiently internalized by immature human monocyte-derived DCs and promoted their maturation and secretion of chemokines and inflammatory cytokines (74) . Mice immunized with OVAloaded γ-PGA nanoparticles had significantly higher frequency of antigen-specific CD8+ T cells, compared with mice immunized with soluble OVA alone, OVA+alum, or OVA+MPLA (75) . In a follow-up study, γ-PGA nanoparticles without any additional adjuvant molecules were found to induce innate and adaptive immune responses via TLR4 and MyD88 signaling pathways, suggesting their intrinsic immunostimulatory properties (72) . Strategies to further enhance immunogenicity of γ-PGA nanoparticles include incorporation of danger signals. Stable encapsulation of CpG into poly(γ-glutamic acid)-graft-L-phenylalanine ethyl ester (γ-PGA-Phe) nanoparticles was achieved with polycationic protamine that stabilized CpG (76) . This system allowed synergistic stimulation of TLR4 and TLR9 in macrophages by γ-PGA-Phe nanoparticles and induced potent antigen-specific cellular immunity.
Size of γ-PGA nanoparticles has been shown to influence antigen uptake by APCs and their maturation and migration to lymph nodes (76) . γ-PGA nanoparticles with 40 nm diameter promoted highest activation of DCs and their migration to lymph nodes as compared with 100 or 200 nm nanoparticles. Using a pH-insensitive, self-quenched OVA conjugate (DQ-OVA) that exhibits bright fluorescence upon proteolytic degradation, the authors have shown that free DQ-OVA degraded much faster than DQ-OVA delivered via γ-PGA nanoparticles. Interestingly, DQ-OVA formulated into larger (200 nm diameter) γ-PGA nanoparticles degraded at a much faster rate, compared with protein delivered via 40 nm nanoparticles. This is in contrast to a previous study that showed faster rate of degradation when antigens were delivered via small polystyrene nanoparticles (50 nm) compared with larger 500 nm and 3 μm particles (77) . Although the detailed mechanism is not clear yet, the authors suggested that the unique amide bond in γ-PGA formed between α-amino and γ-carboxylic acid groups may have contributed to the polymer's inherent resistance to intracellular proteases and distinctive degradation kinetics.
γ-PGA nanoparticles also have been utilized as a vaccine platform for cancer immunotherapy. Intranasal vaccination with OVA-loaded γ-PGA led to rapid particle uptake by nasopharyngeal-associated lymphoid tissue, antigen delivery to the cervical lymph nodes, and induction of OVA-specific IFN-γ producing cells in the spleen and lymph nodes (78) . Furthermore, mice vaccinated intranasally with OVA/γ-PGA nanoparticles were able to resist challenge by E.G7-OVA tumor cells and completely suppressed the formation of lung metastasis by B16-OVA cells. In a separate study, γ-PGA nanoparticles complexed with benzalkonium chloride permitted efficient loading of OVA (79) . Mice immunized with these particles generated balanced Th1 and Th2 antibody titers and were protected against challenge with E.G7 cells expressing OVA. Although their efficacy in therapeutic tumor models is yet to be demonstrated, these studies have suggested the potential clinical utility of γ-PGA nanoparticles for cancer vaccine.
In short, γ-PGA nanoparticles have great potential not only as enhanced antigen delivery system but also as an effective vaccine adjuvant that generates both humoral and cellular immune response. For successful development of γ-PGAbased vaccines, more studies are warranted to better understand the mechanism for intracellular degradation of γ-PGA and their interaction with APCs.
Hyaluronic Acid
Hyaluronan (or hyaluronic acid, HA) is a linear polysaccharide composed of repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine. HA is a normal component of cartilage, and its high density of carboxylate groups helps to retain water and provide cartilage's resistance to compression. In addition, HA plays critical roles in immune responses by modulating leukocyte trafficking into inflamed skin, maturation and migration of epidermal dendritic cells, and T-cell activation during antigen presentation (80) . Due to its biocompatibility, biodegradability, muco-adhesiveness, and good safety profile, HA-based delivery systems have been widely explored for vaccine applications. Intranasal immunization with HA-based microspheres loaded with influenza hemagglutinin antigen and a mucosal adjuvant Escherichia Coli HeatLabile Toxin (LTK63) was shown to enhance serum IgG levels and hemagglutination inhibition titers (81) .
HA, which is found in normal skin tissues, has been utilized as a base material for preparation of transcutaneous microneedles. MicroHyala®, a microneedle patch comprising of sodium hyaluronate has been used to deliver a wide range of antigens derived from tetanus, diphtheria, malaria sporozoites, and influenza virus through skin (82) . Antigen-loaded microneedle patches fabricated by micromolding technologies were designed to undergo degradation after insertion into skin, effectively delivering antigens into stratum corneum. Vaccination with microneedles generated comparable IgG antibody titers as vaccination via subcutaneous injection. Biodegradable characteristic of HAbased microneedles offers a superior alternative to the conventional microneedles with regard to safety, offering a simple, effective, and non-invasive vaccine delivery system (82) .
An additional advantage of HA is its ability to reduce growth of tumors, including colorectal carcinoma, which is postulated to be mediated by activation of DCs (83) . Administration of DCs preconditioned with low molecular weight HA led to dramatically enhanced DC trafficking to tumorregional lymph nodes in vivo (84) . Vaccination of tumorbearing mice with DCs preconditioned with HA and pulsed with colorectal carcinoma tumor lysate resulted in significantly increased anti-tumor CTL responses and superior longterm protection against tumor recurrence, compared with administration of DCs pulsed with tumor lysate alone.
In summary, HA and other natural polymers are attractive materials for vaccine delivery applications due to their high abundance in nature, hydrophilicity, biodegradability, and tissue-specific interactions. Recent studies focused on improving the physical stability of natural polymer-based nanoparticles have led to new vaccine formulations with enhanced efficiency of antigen delivery, especially for mucosal routes of vaccination. Future studies should focus on utilization of tissue-targeting properties of these biopolymers and elaboration of mechanism of action, including inherent immunogenic properties of these biopolymers.
SYNTHETIC POLYMER-BASED PARTICLES
Poly(Lactic-Co-Glycolic Acid) Biodegradable polymeric nanoparticles have gained significant attention for their potential in drug and vaccine delivery applications. Synthetic polymers that are commonly used in biomedical applications include aliphatic polyesters such as poly(lactic acid), poly(glycolic acid), poly(ε-caprolactone), poly(hydroxybutyrate), and their copolymers. Among these, poly(lactic-co-glycolic acid) (PLGA) copolymer has been explored extensively for vaccine delivery due to its safety, biocompatibility, and biodegradability (85) . PLGA polymer undergoes hydrolysis upon in vivo administration, forming biologically compatible and metabolizable moieties i.e. lactic acid and glycolic acid, which are eventually removed from the body by citric acid cycle (86) . PLGA particles have been utilized to deliver a wide range of protein and peptide antigens, including Hepatitis B surface antigen, VMP001 malaria protein, HIV antigens, tumor-associated antigens, and whole tumor lysate (87) (88) (89) (90) (91) (92) (93) . The unique capability of PLGA particles to sustain release of antigens and adjuvant molecules for several weeks to months is thought to prolong and enhance immune stimulation (32) . Long-term, potent immune responses were achieved by single administration of antigen-loaded PLGA particles via subcutaneous or intramuscular route (94) or by direct injection of adjuvant-loaded PLGA particles into regional lymph nodes (95) . Furthermore, the kinetics of antigen release from PLGA particles can be easily controlled by modifying the composition and molecular weight of PLGA copolymers (96) . Fine-tuning of their molecular composition led to the development of PLGA particles that can release antigens and adjuvants in several phases after a single vaccination, thus avoiding the need for multiple boost injections (97, 98 ). Yet, one of the major drawbacks for the PLGA particle system has been the potential exposure of antigens to harsh organic solvents since conventional technique for loading antigens into PLGA particles involves formation of single or double emulsion (O/W or W/O/W) and solvent evaporation. However, with the recent advances in micro-encapsulation of biomolecules into pre-formed, self-healing PLGA particles, antigens can be loaded into PLGA vaccine particles in aqueous condition with minimal loss of their integrity and antigenicity (99, 100) .
An important attribute of PLGA nanoparticles for vaccine applications includes their ability to co-encapsulate antigens and adjuvants. Oral administration of PLGA nanoparticles loaded with OVA antigen and MPLA adjuvant was shown to induce significantly higher IgG and IgA antibody titers when compared with OVA solution or PLGA nanoparticles loaded with OVA alone (101). Primard et al. have demonstrated effective induction of mucosal immunity after intranasal administration of PLGA nanoparticles coated with mucoadhesive chitosan and loaded with antigen (bovine serum albumin -BSA) and TLR7 agonist (imiquimod) (Fig. 3a ) (102) . Co-encapsulating BSA and imiquimod into particles prevented their enzymatic degradation and promoted their intracellular release, enhancing activation of TLRs. Systemic and intranasal immunization with PLGA nanoparticles elicited similar titers of BSAspecific IgG, but interestingly, nasal immunization elicited significantly higher levels of IgA antibodies in nasal washes, vaginal washes, and fecal samples, compared with systemic immunization, suggesting that the route of vaccination has a critical role in induction of tissuespecific immune responses. Another study has examined intranasal administration of PLGA nanoparticles coated with glycol chitosan (89) . It was found that mucoadhesiveness of glycol chitosan coating prolonged the nasal residence time of PLGA nanoparticles, improved antigen uptake, and induced potent mucosal and systemic immunity against Hepatitis B surface antigen.
PLGA nanoparticles can be rationally designed with specific physiochemical and biological properties that allows tissue specific delivery of vaccines and modulation of local immune responses. Zhu et al. have recently demonstrated an elegant strategy for oral vaccination that can protect HIV antigen and immunostimulatory molecules from the low pH and enzymatic destruction in the upper gastrointestinal tract and achieve selective vaccine delivery to the lower gastrointestinal tract (Fig. 3b) (90) . PLGA microparticles (≥10 μm in diameter) were coated with pH responsive methacrylate- PLGA microparticles were designed to undergo degradation in the terminal ileum, allowing uptake of particles co-loaded with antigens and TLR agonists in the large intestine. Oral administration of the particles coated with FS30D, a biodegradable polymer at pH>7.0, led to elicitation of antigen-specific CD8+ Tcells in the colorectum. However, particles coated with L100-55, which undergoes degradation at pH>5.5 and allows particle uptake in small intestine, promoted significantly reduced frequency of tetramer+ CD8+ Tcells. Orally delivered FS30D-coated PLGA particles conferred Tcell-mediated resistance and reduced viral load following an intra-colorectal viral challenge. Panels based Eudragit FS30D21 polymer. This anionic tripolymer composed of poly-(methyl acrylate, methyl methacrylate, methacrylic acid) is soluble only at pH>7.0, thus preventing encapsulated cargo materials from being released too early in the stomach, while promoting content release in the large intestine. PLGA particles were designed to release HIV peptide antigens together with poly(I:C) and CpG in the large intestine, but not small intestine. Oral vaccination with these particles generated strong colorectal immunity and protected mice against rectal and vaginal viral challenge. Importantly, by using particles with distinctive degradation properties, this study for the first time has identified large intestine as the potential target site after oral vaccination for elicitation of protective mucosal immune responses against mucosal pathogens.
To summarize, PLGA based micro/nanoparticles have emerged as promising vaccine delivery candidates due to their current clinical usage, biodegradable nature, ability to prolong antigen release and co-encapsulate antigen and immunopotentiator. We anticipate that the recent advances in self-healing process of drug encapsulation into PLGA particles, coupled with targeting capability of surface-modified PLGA particles, will allow effective delivery of vaccine components to lymphoid tissues with minimal loss of antigenicity and immunogenicity.
Polyethyleneimine
PEI is a cationic polymer, synthesized in various forms including linear or branched, and high or low molecular weight species. It is widely used as an agent for non-viral gene delivery due to its ability to form nanoscale complexes (polyplexes) with nucleic acids by electrostatic interactions (103) . These polyplexes can bind heparan sulfate proteoglycans present on the surface of cells including APCs and become internalized via endocytosis. During endosomal acidification, buffering action of PEI (i.e. proton sponge effect) results in osmotic rupture of endosomes, allowing cytosolic entry of polyplexes and release of cargo. Thus, PEI-DNA polyplexes are thought to increase uptake of plasmid DNA and improve its expression, generating enhanced immune responses. Additional advantages of PEI-based DNA vaccine delivery system include its ease of preparation, stability, and high DNA loading efficiency. Indeed, it was shown that intravenous administration of PEI-DNA plasmid complexes increased the levels of gene expression by 20-400 fold and enhanced elicitation of epitope-specific CD8+ T-cell responses by 10-25 fold with higher frequency of antigen-specific Th1-helper cells (104) . Memory cellular immune responses elicited by PEI-DNA complexes were able to respond rapidly and protect immunized animals against a lethal dose of recombinant Listeria monocytogenes.
Several studies have exploited the ability of PEI to promote cross-presentation through the MHC Class I pathway (105, 106) . Treatment of mice with PEI complexed DNA encoding for OVA resulted in antigen-specific target cell lysis and activation of B3Z cells (OVA/Kb-specific CD8+ cytotoxic T cell clone that recognizes the target cells through the class I MHC molecules), indicative of greater rates of OVA cross-presentation (106) . Mice immunized with DNA/PEI complexes either before or after tumor cell inoculation suppressed tumor growth with prolonged survival rate, suggesting the efficacy of PEI-mediated DNA vaccination for anti-cancer therapy.
PEI-based vaccines have been investigated for their efficacy for elicitation of mucosal immune responses. Intranasally administered PEI/DNA vaccine induced potent mucosal and systemic immune responses against hemagglutinin from influenza A H5N1 and H1N1 2009 viruses (107) . Robust CD4+ and CD8+ memory T cell responses were observed in spleen and lungs, along with secretion of IFN-γ, TNF-α, and IL-2 from splenocytes as well as lung T cells. Moreover, the H5N1 vaccine elicited full protection against the parental strain and partial cross-protection against a distinct highly pathogenic H5N1 strain. Similarly, PEI-mediated intranasal immunization with plasmid DNA for influenza hemagglutinin or herpes simplex virus type-2 (HSV-2) glycoprotein D elicited robust IgG and IgA antibody titers and provided superior protection against lethal challenge with influenza virus, compared with a strong experimental mucosal adjuvant cholera toxin B (103). The authors have attributed the enhanced immunogenicity of PEI-based vaccines to 1) increased antigen uptake by APCs, 2) improved trafficking of DCs to dLNs, 3) induction of non-proinflammatory cytokines including IL-4, IL-5 and IL-13, and 4) stimulation of Irf3-dependent signaling.
To improve vaccine delivery, a multifunctional system consisting of a protein antigen and its encoding plasmid linked to maltosylated PEI nanocomplexes has been developed (108) . High charge density on PEI enabled complex formation with plasmid DNA, while the maltosylated moieties induced highaffinity bonding with protein antigens. Immunization with PEI nanocomplexes triggered potent antibody responses and IFN-γ-producing CD8+ T cells against human papillomavirus. Since sugar receptors are abundantly expressed on APCs, modification of PEI with sugar moieties may have contributed to receptor-mediated endocytosis of PEI nanocomplexes (109) . In a separate study, PEI complexed with alginate has been synthesized into biodegradable and nonbiodegradable nanogel formulations. The nanogels were shown to increase in vitro antigen uptake by DCs as compared to soluble antigen alone, with the biodegradable formulation being more effective at cytosolic antigen release (110) . Additionally, this formulation was effective at inducing DC maturation in vitro and significantly increased IgG and IFN-γ production and frequency of antigen-specific CD8+ T-cells in vivo.
PEI-based systems, which have been traditionally used as a transfection agent, may provide an effective platform for DNA immunogens, and recent studies indicating their potent mucosal adjuvant activity further highlight the potential of PEI in vaccine applications. Future studies should be directed to address cytotoxicity associated with PEI for its clinical use in biomedical applications.
Acrylic Acid Based Polymers
P o l y a l k y l a c r y l a t e b a s e d p o l y m e r s i n c l u d i n g polymethylmethacrylate (PMMA), poly(ethylacrylic acid), poly(propylacrylic acid) and poly(butylacrylic acid) have been investigated for vaccine delivery, and several studies have demonstrated good adjuvant effect of polyacrylate-based nanoparticles with a considerable number of antigens (111, 112) . The ease of preparation, good safety record, and biodegradable nature make them an excellent vaccine delivery vehicle. Notably, Flanary et al. reported development of a vaccine delivery system based on poly(propylacrylic acid) (PPAA) with pH-sensitive and membrane disruptive properties (113) . PPAA becomes protonated at low pH of endosomes and gains the ability to destabilize membranes -a unique feature that mimics membrane fusion induced by pathogenic proteins such as hemagglutinin and diphtheria toxin. OVA was conjugated to PPAA polymer by a disulfide bond, which allowed antigen release by glutathione reduction in cytoplasm. Antigen-polymer nano-conjugate increased intracellular accumulation of OVA and enhanced MHC-I presentation and subsequent CTL activation by 22-fold as compared with free OVA. In a subsequent study, antigen-PPAA conjugate was condensed into a particulate formulation by ionic complexation of anionic PPAA-OVA conjugate with cationic poly(dimethylaminoethyl methacrylate) (114) . In-vivo administration of PPAA-containing formulations induced 8-fold increase in generation of OVA-specific CD8+ T cells and 11-fold increase in production of anti-OVA IgG as compared with saline or OVA solution. Using an EG.7-OVA mouse tumor model, the authors showed that PPAA-containing carriers suppressed tumor growth and increased tumor-free survival rate by 3.5-fold compared with saline or OVA solution.
Building upon these results, Wilson et al. recently reported development of pH-responsive, endosome-lytic polymer micelle structures designed for dual-delivery of antigen and immunostimulatory DNA oligonucleotides (Fig. 4) (115) . To construct the micellar structure, amphiphilic diblock copolymer with two multifunctional modules was synthesized. The first block consisted of cationic dimethylaminoethyl methacrylate and pyridyl disulfide ethyl methacrylate for electrostatic interaction with CpG and reversible disulfide bond formation with thiol-bearing antigens, respectively. The second block composed of PAA, DMAEMA, and butyl methacrylate had hydrophobic and endosome-lytic properties that promoted micelle assembly and cytosolic antigen delivery. The resulting micelles were~30 nm in diameter and exhibited potent pHdependent membrane destabilizing activity. Conjugation of OVA to the micellar structures significantly enhanced antigen cross-presentation and elicited significantly higher CD8+ T cell response as compared with free OVA or physical mixture of components. Incorporation of CpG into the micelles further increased the CD8+ and CD4+ T cell responses by~7-fold as compared with OVA conjugates and elicited balanced IgG1/IgG2c antibody responses.
In summary, acrylic acid based polymers with 'smart' capability for pH-responsive membrane-destabilization allows delivery of therapeutic peptides, proteins, and nucleic acids into the cytoplasm of targeted cells, and this unique feature may be exploited for enhancing cross-presentation of antigens and elicitation of cellular immune responses.
Polypropylene Sulfide
Fully synthetic and biodegradable Pluronic-stabilized polypropylene sulfide (PPS) nanoparticles have been developed as a new antigen nanocarrier system. (116) . Surface of PPS nanoparticles can be precisely engineered to display specific chemical moieties or antigens in a disulfide-sensitive manner. It was shown that surface chemistry on PPS nanoparticles can directly influence activation of complement cascade, thereby modulating generation of danger signals in situ and initiation of adaptive immune responses (117, 118) . The size of PPS nanoparticles has been shown to be a major factor determining their lymphatic transport and uptake by APCs. After intradermal injection, PPS nanoparticles in the size range of 30 nm drained rapidly through lymphatics to the dLNs, whereas lymphatic transport of 100 nm nanoparticles was only 10% as efficient (117) . Similarly, intranasal vaccination with PPS nanoparticles resulted in penetration of particles through the nasal epithelium, transition via M cells, and particle uptake by APCs in the nasal-associated lymphoid tissue (119) . Interestingly, for intranasal route of vaccination, as the size of PPS nanoparticles was increased from 30 to 200 nm, antigen was more effectively delivered via both MHC-I and MHC-II presentation pathways (119) . Moreover, intranasal immunization with 200 nm nanoparticles significantly increased the frequency of antigen-specific lung CD4+ T cells producing IFN-γ, TNF-α, or IL-2 and enhanced systemic and mucosal humoral responses in the lungs compared with 30 nm particles. As noted by the authors of this study, this seemingly contrasting impact of particle size on the resulting immune responses suggests that physiology of the site of vaccination is the major determinant for draining of particles to lymphoid tissues and antigen delivery to APCs.
Two different platforms composed of PPS polymer were compared for their potency as vaccine vehicles (Fig. 5a ). Solidcore Pluronic-stabilized PPS nanoparticles were conjugated with protein antigens on their surface via a disulfide linker, while PEG 17 -bl-PPS 30 polymersomes were loaded with antigens within their aqueous core (120) . Polymersomes are stable self-assembled polymeric shells capable of releasing hydrophobic as well as hydrophilic moieties (121, 122) . Mice immunized with polymersomes exhibited enhanced induction of IFN-γ-producing CD4+T cells in spleen, lymph nodes, and lungs compared with mice immunized with PPS nanoparticles (Fig. 5b) . On the other hand, PPS nanoparticles surfacedisplaying OVA significantly enhanced the clonal expansion of antigen-specific CD8+ T cells than polymersomes. Taking advantage of the distinct behaviors of two nanocarriers, the authors combined the two systems (nanoparticles and polymersomes) in a single vaccine formulation, which generated concerted CD4+ and CD8+ T cell responses, thus positioning PPS-based delivery systems as ideal vaccine nanocarriers for induction of robust cellular immune responses (120).
LIPID COATED POLYMERIC PARTICLES
Lipid-polymer hybrid nanoparticles (LPNs) have emerged as a promising vaccine delivery platform in the past few years. LPNs combine the advantages of polymeric nanoparticles with physical stability and liposomes with biomimetic characteristics (123, 124) . In general, LPNs have the following three components; 1) a polymer core, 2) phospholipid layer enveloping the polymer core, and 3) an outer lipid-PEG layer. Therapeutic drugs and proteins can be encapsulated inside the polymeric core while lipid layer provides biocompatibility and biomimetic properties to the polymeric core. The outermost lipid-PEG coating provides steric stabilization and prolongs the in-vivo circulation time of particles (123) .
LPNs consisting of poly-(β-amino ester) (PBAE) core enveloped by a phospholipid bilayer shell were prepared for delivery of mRNA-based vaccines (125) . PBAE is a pHresponsive polymer capable of promoting endosomal disruption in acidic condition. Lipid-enveloped PBAE particles, surface-adsorbed with mRNA via electrostatic interaction were shown to disrupt endosomes in DCs, allowing cytosolic delivery of mRNA. Intranasal administration of these particles significantly enhanced the expression of reporter protein luciferase within 6 h as compared to naked mRNA, suggesting their potential utility for mRNA-based in vivo transfection for vaccine applications.
Similarly, pathogen-mimicking polymeric vaccine delivery system consisting of PLGA nanoparticle core coated by a lipid membrane has been reported (126, 127) . PLGA particles with antigen conjugated on the lipid envelope elicited high antigenspecific IgG titers (>10 6 ) that were sustained for over 100 days after two immunizations with just 2.5 ng of antigen. Insertion of lipophilic danger signals, such as MPLA and αGC further enhanced antibody titers by~12-fold, thus providing a potent dose-sparing vaccine delivery system with reduced risk of reactogenicity. These PLGA-lipid hybrid nanoparticles were subsequently applied for vaccination against malaria Plasmodium vivax sporozoites (88) . Nanoparticles co-delivering MPLA and malaria vaccine candidate, VMP001, on the outer lipid envelope promoted germinal center formation and elicited long-lasting Th1/Th2 balanced humoral immune responses. Antibodies raised by particle vaccination were able to agglutinate live Plasmodium vivax sporozoites. In a separate study, PLGA-lipid hybrid nanostructures were developed for delivery of multiple melanoma tumor-associated antigen peptides for cancer immunotherapy. Prophylactic administration of lipid-enveloped PLGA particles carrying TRP2, p15E, and hgp100 peptides suppressed growth of B16 melanoma tumor in mice (128) .
In efforts to engineer biomimetic nanoparticle system, nanocarriers coated with red blood cell membrane recently gained much attention. PLGA nanoparticles "camouflaged" with erythrocyte membrane exhibited superior circulation half-life of 9.6 h compared with 6.5 h for PEGylated nanoparticles (129) . This nanocarrier system has been utilized to adsorb staphylococcal α-haemolysin (Hla), a bacterial poreforming toxin, on their lipid surfaces for vaccine applications (130) . Hla admixed with erythrocyte membrane-coated PLGA nanoparticles lost their virulence and became incorporated into the lipid layer. Notably, compared with conventional toxoid vaccines prepared by heat-induced inactivation, this procedure was much more effective at preserving immunogenicity and antigenicity of Hla. Compared with heat-treated Hla, immunization with these novel nanotoxoids elicited higher sera IgG titers with superior capability to block haemolysis by Hla, and conferred improved protection against intravenous and subcutaneous toxin challenge. Thus, this biomimetic polymer/lipid hybrid nanoparticles offer a unique and promising approach to enhance immunogenicity and efficacy of bacterial antitoxin vaccines while minimizing the potential safety issues associated with virulence of toxoids.
The overall advantages of LPNs include controlled particle size, surface functionality, their ability to entrap a wide range of molecules, high encapsulation efficiency, tunable drug release profile, and good serum stability. In particular, LPNs can encapsulate hydrophilic antigens inside the polymeric core and entrap hydrophobic antigens and/or adjuvants in the Fig. 5 Nanoparticle vaccine based on pH-responsive copolymers for cytosolic delivery of antigen and immunostimulatory molecules. (a) Solid-core nanoparticles and aqueous core polymersomes were compared for induction of immune responses. Solid-core nanoparticles had antigens conjugated on their surface via a reduction-sensitive disulfide bond. Polymersomes loaded with antigens in the aqueous core were synthesized by self-assembly of a block copolymer, consisted of hydrophilic poly(ethylene glycol) in the outer and inner core and hydrophobic poly(propylene sulfide) in the center of the lamella. (b) Mice immunized with polymersomes (PS-OVA+CpG) or nanoparticles (NP-OVA+CpG) were analyzed for OVA-specific CD4+ and CD8+ Tcell responses with intracellular cytokine staining and tetramer staining. Polymersomes were more effective than nanoparticles at induction of IFN-γ producing CD4+ T cells. In contrast, nanoparticles elicited higher frequency of OVA-specific CD8+ Tcells than polymersomes. Reproduced with permission (120) . Copyright 2013, Elsevier.
lipid envelope, mimicking features of pathogens and providing a versatile materials platform for vaccine delivery.
CONCLUSIONS AND FUTURE OUTLOOK
Subunit vaccines benefit greatly from nanoparticle formulations due to improved antigen uptake and targeting to APCs as well as enhanced immunogenicity stemming from either immunostimulatory features of nanocarriers themselves or adjuvant molecules co-delivered by the particles. Most particulate vaccine platforms in consideration are biodegradable and biocompatible with minimal toxicity, offering safe and effective alternatives to traditional microorganism-based vaccines. We covered a wide range of distinct nanoparticle formulations differing in composition, size, charge, and route of administration, all of which have been shown to play crucial roles in modulation of biodistribution, cellular trafficking, and overall immune response. In the end, the majority of particulate vaccines delivering subunit antigens and immunostimulatory agents improved immune responses over equivalent dose of soluble vaccines. In particular, nanoparticle vaccines with the ability to enhance cross-presentation of subunit antigens and generate strong cellular immunity provide significant improvement over traditional vaccines. Thus, these new vaccine nano-formulations may play a crucial role in future clinical development of vaccines against cancer and intracellular infections, such as HIV, TB, and Hepatitis C. In addition, a greater understanding of adjuvants and their molecular mechanisms of immune activation is needed to further refine the biophysical and biochemical features of nanoparticles for improved immunostimulation. It is also important to consider the manufacturability of these systems, as economic and facile scale-up with reproducibility in industrial settings are critical considerations for their translation into the clinic.
Although it is beyond the scope of this review article, there have been key advances in the design of artificial antigen-presenting cells (aAPCs) based on micro/ nanoparticles. For instance, the shape of PLGA microparticles has been found to directly impact CD8+ T cell responses, with stretched, ellipsoidal PLGA aAPCs decorated with anti-CD28 and MHC-IgG dimer improving CD8+ T-cell expansion by 2-to 20-fold, compared with spherical aAPCs (131) . In addition, Perica et al. have recently reported the development of nanoscale aAPCs synthesized from 50 to 100 nm iron-dextran paramagnetic particles and 30 nm quantum dot nanocrystals (132) . Both nanoaAPC systems induced antigen specific T cell proliferation and functional responses in vitro (132), with iron-dextran paramagnetic particles even allowing magnetic field-induced T cell activation (133) . Notably, when administered in vivo, nano-aAPCs effectively primed adoptively transferred CTLs to attenuate tumor growth in vivo. Unlike conventional microparticle-based aAPCs, nano-aAPCs can drain efficiently via lymphatics to lymph nodes and preferentially accumulate in tumor through enhanced permeability and retention, suggesting that in situ cancer immunotherapy may benefit greatly from in vivo administration of nano-aAPCs.
In conclusion, the recent studies we have highlighted in this review represent great strides in application of nanoparticle drug delivery platforms toward prophylactic and therapeutic vaccinations. The field of nanotechnology will continue to address challenges remaining in immunology and provide innovative strategies in the future of vaccine design and development. 
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